Recently we isolated a homolog of the Drosophila single-minded (sim) gene from a zebrafish cDNA library. The 4380-bp of zebrafish sim cDNA encodes a polypeptide of 585 amino acids with strikingly conserved bHLH and PAS A/B domains in the amino-terminal region. During embryogenesis, sim mRNA appears in the animal hemisphere as early as 3 h post-fertilization and is expressed in a widespread pattern throughout the epiblast at the 75% epiboly stage. During the segmentation stage, sim mRNA is prominently expressed in the primordium of the hindbrain and appears as a transverse stripe in the epithelial layers of the mid-diencephalic boundary (MDB). During the pharyngula stage, sim is no longer expressed in the hindbrain, but continues to be expressed in the MDB and extends to the caudal diencephalon along the ventral midline. In addition, sim mRNA is prominent in the two pharyngeal arches. During the larval stage, sim mRNA is transcribed in the esophagus, liver, pancreas, and intestine. In contrast, sim mRNA is no longer detectable in the forebrain after hatching. In adult fish, sim is widely expressed in brain, eyes, gill, heart, liver, and intestine. q
Results
Basic helix-loop-helix PAS (bHLH-PAS) proteins constitute a novel class of bHLH transcription factors that mediate a variety of biological responses, such as xenobiotic metabolism, hypoxic response, biological rhythms, angiogenesis, and neuron development (Gu et al., 2000; Hsu et al., 2001 ). The Drosophila single-minded (sim) gene encodes a bHLH-PAS factor that acts as a pivotal regulator of central nervous system midline cell development (Crews et al., 1988 (Crews et al., , 1992 . Recently, a series of sim homologs were identified in human, mouse, and Xenopus (Ema et al., 1996a,b; Fan et al., 1996; Chrast et al., 1997; Coumailleau et al., 2000) . The human sim homolog (hSim2) was identified in the Down syndrome critical region of chromosome 21. It was proposed that the trisomy of the hSim2 gene induces the neuroanatomic and neurochemical abnormalities that often occur in Down syndrome (Chen et al., 1995; Dahmane et al., 1995; Ema et al., 1996a; Fan et al., 1996; Osoegawa et al., 1996) . In mouse, two types of sim homologs have been reported: mSim1 mRNA is expressed in somites, the nephrogenic cord, and the mesencephalon; while mSim2 mRNA is expressed in the diencephalon, branchial arches, and limbs during embryogenesis (Ema et al., 1996a; Fan et al., 1996) . It was demonstrated that mSIM1 protein plays an essential role in hypothalamus development . mSIM2 regulates Shh gene transcription in forebrain regions of the mouse CNS (Epstein et al., 2000) . Xenopus Sim (xSim) mRNA is widely distributed in the CNS during embryogenesis (Coumailleau et al., 2000) . To investigate the function of sim in teleost development, we recently cloned a zebrafish homolog of sim cDNA from a 19-h post-fertilization (hpf) embryonic library using RT-PCR and library screening methods. The 4380 bp zebrafish sim cDNA encodes a strikingly conserved polypeptide of 585 amino acids with a molecular mass of 65 kDa (Fig. 1A,B) . The most conserved region in zebrafish SIM is the bHLH domain which is 100% identical to those of xSIM, mSIM2, and hSIM2 and shares 91-94% identity with those of mSIM1 and hSIM1. The PAS-A/B subdomains of zebrafish SIM factor also possess 88-94% identity with those of mammalian and Xenopus SIM factors (Fig. 2) . It has been clarified that the bHLH and PAS A/B domains serve to mediate DNA binding and protein dimerization specificity. However, the carboxy-terminal half of the zebrafish SIM protein only contains about 20% sequence identity with those of other SIM proteins. Similar low conser- vation of the carboxy-terminal region was also revealed in other SIM factors.
The spatiotemporal expression pattern of zebrafish sim mRNA in the developing embryo was revealed by wholemount embryo in situ hybridization and subsequent histological sections (Fig. 3) . It was shown that zebrafish sim mRNA is expressed in the animal hemisphere during the blastula stage (Fig. 3A) and continues to be expressed in a widespread pattern throughout the entire epiblast at the 75% epiboly stage (Fig. 3B ). At the 6-somite stage, sim mRNA is expressed in the neural plate (Fig. 3C) , and later its expression was prominently detected in the primordium of the hindbrain at the 10-20-somite stage (Fig. 3D-F ). There is a sharp transverse stripe of sim mRNA that appears in epithelial layers of the mid-diencephalic boundary (MDB) at which the cephalic flexure later forms (Fig. 3D-F) . During the pharyngula stage, the sim gene is no longer expressed in the hindbrain region. However, sim mRNA continues to be expressed in the MDB and expands to the caudal diencephalon along the ventral midline ( Fig. 3G-R) . It is noteworthy that two small patches of cells in the caudal diencephalon adjacent to the midbrain-hindbrain boundary (MHB) region strongly express sim mRNA. In addition, sim mRNA is prominently expressed in the two pharyngeal arches that will later develop into Meckel's and hyosymplectic cartilage, respectively. At the larval stage, sim mRNA is no longer detectable in the forebrain region after hatching (Fig. 3S-V) . During 3-5 days post-fertilization (dpf) stages, sim mRNA is transcribed in the esophagus, liver, pancreas, and intestine ( Fig. 3W-Z) . To reveal the distribution of the sim transcript in adult tissues, reverse transcription-polymerase chain reaction (RT-PCR) analysis was performed with RNA from various tissues of adult fish. It appears that sim mRNA was widely expressed in all tissues we tested, including muscle, intestine, liver, gill, heart, eyes, and brain (Fig. 4) .
In mouse embryo, mSim1 expression begins in the presomitic mesoderm at 8.0 days post-coitum (dpc) and propagates to all somites as the somites differentiate (Ema et al., 1996a) . By 9.5 dpc, mSim1 mRNA becomes detectable in the hindgut and an anterior region of the mesencephalon and is abundantly expressed in the nephrogenic cords and dermatomes. At 10.5 dpc, mSim1 expression becomes prominent in the ventrolateral region of the caudal neural tube, the nephrogenic cords, and the mesonephric ducts. mSim2 expression begins in the ventrolateral region of the diencephalon in 8.5-dpc embryos (Ema et al., 1996b) . At 10.5 dpc, mSim2 mRNA also appears in the zona limitans intrathalamica, the forelimbs, and the first two branchial arches, and its transcript increases in the region of the diencephalon (Ema et al., 1996b; Yamaki et al., 1996) . In Xenopus embryos, the xSim transcripts are enriched in the animal hemisphere until the blastula stage and extend to the marginal zone in the early gastrula stage (Coumailleau et al., 2000) . At the neurula stage, xSim expression is prominently detected in the neural tube. In tailbud embryos, xSim transcripts are clearly distributed in the brain, optic vesicles, cement gland, branchial arches, and somites. Herein we show that the zebrafish sim ortholog gene exhibits a similar expression pattern to that of mSim2 in the diencephalon and branchial arches during early stages of development. However, it is noteworthy that the transcription activity of zebrafish sim is restricted to the gastrointestinal tract at the larval stage of development, and that it has never been revealed in murine or Xenopus embryos.
Materials and methods
A 368 bp zebrafish cDNA fragment was obtained from zebrafish muscle by the RT-PCR method using a pair of degenerate oligonucleotide primers (dgSIM116: CAGGTI-GAGCTSACIGGIAAYWSIATHTWYGA and adgSIM24-0: CAKRTCIAGIYTGGCICKRAACATRAACATRTT;
that were derived from the conserved PAS A domain sequences of mSim1, mSim2, hSim2, and dSim. The sequence of the PCR product was highly similar to the PAS A subdomain of mSim2, and it was used as a probe to screen a 19-hpf embryonic cDNA library. One positive clone, with 4380 bp recombinant cDNA, was obtained from 5 £ 10 5 plaques. Both strands of this positive clone were sequenced before submission to GenBank (accession number AF363019). To verify the protein product, the open reading frame of sim cDNA was subcloned into pcDNA3 to construct the recombinant plasmid pZSIM. In vitro expression of sim was performed with a TNT-coupled reticulocyte lysate system as described by the manufacturer (Promega, Madison, WI, USA). The radioactive translation product was assessed by SDS-PAGE and autoradiography. Whole-mount in situ hybridization was carried out as described previously (Westerfield, 1995) using a cRNA probe carrying 1073 bp (nt 2294 to 3366) of a 3 0 -UTR zebrafish sim cDNA fragment. To investigate the transcriptional specificity of sim expression in adult fish, total RNA was isolated from adult fish tissues by guanidine isothiocyanate as described previously (Chomczynski and Sacchi, 1987) .
RT-PCR were performed as previously described using specific primers in the C-terminal region of zebrafish sim (5 0 -ACGCTGCGGCCGTAAATC-3 0 and 5 0 -AGAACCA-CATTCAGCTCACATTACC-3 0 ) (Wang et al., 1998 (Wang et al., , 2000 . E,I ,J,Q,R,U,V), DIC micrographs. cd, caudal diencephalon; ep, esophagus; ha, hyoid arch; i, intestine; l, liver; ma, mandibular arch; mdb, mid-diencephalic boundary; p, pancreas. Fig. 4 . Tissue specificity analysis of sim expression in adult fish assessed by RT-PCR. By using gene-specific primers as described in Section 2, the 1036 bp PCR products of the sim transcript from adult fish tissues were electrophoresed on a 1% agarose gel. M, muscle, I, intestine; L, liver; G, gill; H, heart; E, eyes; B, brain.
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